We previously have described the ability of a-thrombin (the native procoagulant enzyme) to stimulate adherence of neutrophils to pulmonary artery endothelial cells. In the present study, we observed that conditioned medium factors released by a-thrombin (10-8 M) treatment of cultured ovine pulmonary artery endothelial cells increased neutrophil adherence to naive pulmonary artery endothelial monolayers. This effect was independent of any residual aothrombin present in the medium. In contrast to thrombin-induced neutrophil adherence, adherence of neutrophils mediated by the conditioned medium was not inhibited by the anti-CD18 monoclonal antibody 60.3, indicating a CD18-independent mechanism. The factors generated by the action of a-thrombin on endothelial cells also resulted in concentrationdependent neutrophil migration. The neutrophil adherence-and migration-promoting activities were isolated in the ether portion after extraction of the conditioned medium. Chromatographic analysis showed that the active components (which resolved into two peaks by reversed-phase high-performance liquid chromatography) were relatively hydrophilic low molecular weight lipids without phosphorus or amino acids. Reconstitution of these peaks indicated that they mediated neutrophil adhesion and migration responses. The results indicate that lipid factors promoting neutrophil adhesion and migration are generated by the action of thrombin on pulmonary artery endothelial cells. The generation of these factors may contribute to the amplification of the lung inflammatory response after pulmonary intravascular coagulation induced by thrombin. (Circulation Research 1991;68:930-939) T hrombin-induced pulmonary intravascular coagulation increases pulmonary capillary permeability to protein.1-3 This response is characterized by formation of interendothelial junctional gaps and endothelial injury.1'4 The intravenous infusion of a-thrombin in animal models causes the uptake of neutrophils in the pulmonary vascular bed, which precedes the increase in capillary permeability.5-8 Neutrophil-derived oxidants and proteases have been implicated in mediating the thrombininduced pulmonary microvascular injury.9
Thrombin-Mediated Release of Lipids From
Pulmonary Artery Endothelial Cells Promotes Neutrophil Adherence Marilyn A. Fisher, Peter J. Del Vecchio, Gerard P. Palace, Elizabeth M. Denholm, Linda Lai, and Asrar B. Malik
We previously have described the ability of a-thrombin (the native procoagulant enzyme) to stimulate adherence of neutrophils to pulmonary artery endothelial cells. In the present study, we observed that conditioned medium factors released by a-thrombin (10-8 M) treatment of cultured ovine pulmonary artery endothelial cells increased neutrophil adherence to naive pulmonary artery endothelial monolayers. This effect was independent of any residual aothrombin present in the medium. In contrast to thrombin-induced neutrophil adherence, adherence of neutrophils mediated by the conditioned medium was not inhibited by the anti-CD18 monoclonal antibody 60.3, indicating a CD18-independent mechanism. The factors generated by the action of a-thrombin on endothelial cells also resulted in concentrationdependent neutrophil migration. The neutrophil adherence-and migration-promoting activities were isolated in the ether portion after extraction of the conditioned medium. Chromatographic analysis showed that the active components (which resolved into two peaks by reversed-phase high-performance liquid chromatography) were T hrombin-induced pulmonary intravascular coagulation increases pulmonary capillary permeability to protein. [1] [2] [3] This response is characterized by formation of interendothelial junctional gaps and endothelial injury.1 '4 The intravenous infusion of a-thrombin in animal models causes the uptake of neutrophils in the pulmonary vascular bed, which precedes the increase in capillary permeability.5-8 Neutrophil-derived oxidants and proteases have been implicated in mediating the thrombininduced pulmonary microvascular injury. 9 The basis of pulmonary vascular neutrophil uptake after pulmonary intravascular coagulation remains un-clear. Thrombin can directly stimulate neutrophil adherence to endothelial cell monolayers by increasing endothelial adhesiveness'0-12 through upregulation of the endothelial cell adhesion molecule GMP-140. 13 Thrombin challenge can also lead to fibrin deposition in the pulmonary microcirculation and neutrophil attachment to fibrin by a CD18-dependent mechanism.14 In the present study, we examined the possibility that thrombin stimulates the release of factors from endothelial cells capable of mediating neutrophil adhesion. 10 We observed that adherence-and migrationpromoting lipid factors are released from thrombinstimulated endothelial cells. The release of these factors may play a role in amplifying lung inflammatory responses after thrombin generation in vivo.
Materials and Methods

Materials
Neutrophil isolation medium was obtained from Los Alamos Diagnostics (Los Alamos, N.M.). Chromium-51 (51Cr) was obtained from New England Nuclear (Boston). Dulbecco Each roller bottle (850 cm2) containing approximately 1 x 108 sheep pulmonary artery endothelial cells was washed three times with 60 ml HBSS at 37°C. Then, 54 ml HBSS was added along with 6 ml 1 x 10-7 M a-thrombin mixed in phosphate buffered saline and 0.1% BSA to yield a final concentration of 1x 10-8 M a-thrombin. The bottles were degassed with nitrogen gas for 10 seconds. The endothelial cells were incubated for 1 hour with a-thrombin, the medium was removed, and 60 ml fresh HBSS was added to each roller bottle. The roller bottles were incubated for an additional 1 hour at 37°C, and then the conditioned medium was transferred into centrifuge tubes on ice. This medium was either used without further treatment or was purified by ether extraction.
The ether extraction procedure involved adding Molecular weight estimates were obtained by aqueous gel permeation chromatography using a Bio-Gel TSK125 and TSK10 column (300x7.5 mm) (Bio-Rad Laboratories, Richmond, Calif.) in separate analyses. The nominal range was 500-20,000 and 100-1000 Da, respectively, under the conditions used. The column was eluted at 1.2 ml/min with sodium chloride (0.1 M)/trifluoroacetic acid (0.001%) and sodium phosphate (0.1 M, pH 3)/dimethyl sulfoxide (5%) in separate analyses. The chromatographic system is described below. Selectivity curves were constructed using cytochrome C, NAD, insulin, vitamin B12, thiamine, and synthetic in-house peptides.
Reversed-Phase High-Performance Liquid Chromatographic Analysis
Ether-extracted conditioned medium was analyzed by direct-injection RP-HPLC by incubating the sample with acetonitrile and centrifuging at 15,000g to precipitate salts. Lipids also were selectively extracted into water-saturated chloroform from water and methanol using the Bligh-Dyer extraction technique.24 The Bligh-Dyer procedure was applied to both the ether extract of conditioned medium and unextracted conditioned medium and gave similar results. This procedure was performed with sodium citrate (0.5 M, pH 3.5)/sodium chloride (1.0 M)/ ethanol (0.05%)21 or at pH 3.0 with phosphoric acid alone. The final residue was reconstituted in mobile phase for analysis. Using precolumn techniques, functional group reactivity of chromatographic peaks was assessed from changes in peak area (absorption characteristics) and retention times. To determine the presence of amine/imine functionalities, the sample was incubated with buffered ninhydrin at 70-80°C for 20 minutes.25 Carboxylic groups were determined by esterification with phenacyl bromide and triethylamine at 50°C for 2 hours26 or with ethereal diazomethane. 27 Determination of PAF, leukotrienes C4 and D4 A mobile phase consisting of 2.5 mM phosphoric acid in 60% aqueous acetonitrile at 2 ml/min was used for the analysis of LTC4 and LTD4.28 Because of the phosphoric acid, long retention times were obtained for the LTC4 (10 minutes) and LTD4 (28 minutes). Individual hydroxyeicosanoids (HETEs) and hydroperoxyeicosanoids (HPETEs) also were resolved using this solvent system. PAF was analyzed as modified from a described method29 using 2.5 mM phosphoric acid in 70% aqueous acetonitrile at 2 ml/min, with a retention time of 5 minutes. The retention time for PAF was confirmed by including standards of sphingomyelin and L-d-lecithin in the analysis.30 Sample reanalysis using 0 and 0.25-1.0 mM trifluoroacetic acid in the mobile phase instead of 2.5 mM phosphoric acid was used to confirm the chromatographic peaks, which changed the retention times for LTC4 and LTD4 but not for PAF. 28 Resolution of relatively hydrophilic lipids such as the prostaglandins (PGs) and thromboxane B2 was achieved using 32% acetonitrile in 2.5 mM phosphoric acid.31 (Figure 1 ). In contrast, the ether extract of conditioned medium obtained from endothelial cells incubated in HBSS alone (controls) caused 8.9±0.8% neutrophil adherence, and the postextraction aqueous phase gave a response of 6.6±0.5% (Figure 1 ). The ether extraction procedure proved effective in concentrating the active components even with a solvent-to-medium ratio of 0.65, because no bioactivity was present in the postextraction aqueous phase and no RP-HPLC chromatographic constituents were detected in the aqueous phase.
The adhesion-promoting activity was sustained over a relatively long period of time. When fresh medium and neutrophils were added to endothelial monolayers that had been stimulated with a-thrombin (10`8 M) for either 1 or 3 hours, similar neutrophil adhesion values of 28.5±1.4% and 31.7±1.8%, respectively, were observed (Figure 2 ), indicating that maximal activity was generated by the 1-hour thrombin challenge period. The factors released by endothelial cells continued to be generated into fresh medium for up to an hour after the thrombincontaining medium had been washed off (Figure 3) . The ether extract of the conditioned medium produced by the thrombin-stimulated endothelial cells caused neutrophil adherence to naive endothelial cells in a dose-dependent fashion (Figure 4) . The activity present in 1 unit was defined as the material produced by 2.5 x 105 endothelial cells during a 1-hour collection period after thrombin stimulation.
The anti-CD18 MAbs 60.3 (10 ,ug/ml) and IB4 (10 ,g/ml) reduced the thrombin-mediated sheep neutrophil adherence to sheep pulmonary artery endothelial cells, whereas thrombin-induced adhesion was unaffected using the control MAb OKM-1 (10 ,ug/ ml) directed against an epitope on CD11b that does not mediate neutrophil adhesion17 ( Figure 5 ). Neutrophil adhesion to naive endothelial cells mediated by the conditioned medium was not altered by MAb 60.3 ( Figure 5 ). The anti-ICAM-1 MLAb, RR1/1 (10 ,ug/ml), used to examine the role of ICAM-1 in the response, was shown to cross-react with sheep pulmonary artery endothelial cells challenged with thrombin. Addition of RR1/1 to the thrombintreated endothelial cells before applying the 51Cr-labeled neutrophils resulted in a decrease of the thrombin-induced neutrophil adherence from 21.6+1.7% to 9.5+0.7% ( Figure 6 ). In contrast, RR1/1 did not affect neutrophil adherence induced by endothelial conditioned medium ( Figure 6 ).
Ninhydrin studies and PicoTag analysis indicated that there were no amino acids present (<1 pM per 500 ,ug sample) in ether-extracted conditioned medium obtained from thrombin-stimulated endothelial cells (Figure 7 ). Neutrophil adherence mediated by the conditioned medium was unaffected by storing the ether extract at -15°C for 24 hours; however, activity was abolished if the conditioned medium was stored at 60°C for 30 minutes or at 4°C for 48 hours (Figure 8 ), indicating that active components were unstable lipids. Components of the conditioned medium were resolved using RP-HPLC, and collected fractions were concentrated through lyophilization for activity determinations. Two chromatographic peaks increased in size with a-thrombin treatment. These are shown separated using 60% (Figure lOA) Samples of ether or Bligh-Dyer-extracted conditioned medium as assayed by PicoTag amino acid analysis were shown to contain no detectable amino acid moieties (< 1 pM per 500 ,g sample), indicating LTC4 and LTD4 were not released. Also, the retention times of the thrombin-generated bioactive components (2.5-3.0 minutes; Figure lOA) were dissimilar to those of LTC4 (10 minutes) and LTD4 (28 minutes) under identical conditions (not shown). Additionally, the RP-HPLC peaks were insensitive to ninhydrin treatment, indicating that no amine/imine functionality was present in the components. Analysis of phosphorus using the Fiske-Subbarow procedure33 showed the absence of detectable phosphorus (<3 nM per 500 ,g sample), indicating that the thrombin-generated lipids were dissimilar to phospholipids such as PAF. The active lipids did not coelute with PAF 16:0 (nor PAF 18:0, not shown), HETEs or HPETEs (Figure lOA) , and PGD2, PGE2, PGE1, 6-keto-PGFi,, thromboxane B2, or LTB4 (Figure lOB) . Ultraviolet absorbance spectra of the bioactive lipids, using a DU-50 spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.) showed a wavelength maximum at 200 nm in acidic water but no characteristic bands of HETEs, HPETEs, or of the leukotriene series.
Discussion
We have shown previously that a-thrombin challenge of pulmonary artery endothelial monolayers results in an increase in neutrophil adhesion to pulmonary artery endothelial cells and that this response lasts 3-4 hours.10 Moreover, the effect of thrombin on the endothelial cell is the result, in part, of expression of endothelial adhesive sites.10'11 In the present study, we have extended these observations by showing that thrombin challenge of pulmonary artery endothelial cells releases endothelial-derived factors that promote neutrophil adhesion to naive endothelial monolayers as well as neutrophil migration. These endothelial-derived factors could not be attributed to residual thrombin or thrombin-generated peptides that may be present in the medium fluid, because the ether-extracted conditioned medium contained no amino acids. Bligh-Dyer extraction of the conditioned medium indicated that the generated bioactive factors were lipids.
The neutrophil adherence mediated by the conditioned medium was different from that induced by a-thrombin. The primary difference is that adhesion mediated by conditioned medium obtained from thrombin-treated endothelial cells was independent of the neutrophil CD18 integrin because it could not be inhibited by anti-CD18 MAbs, whereas thrombininduced adhesion was partially inhibited by the anti-CD18 antibodies. Moreover, thrombin-mediated neutrophil adhesion was dependent, in part, on the endothelial ICAM-1 molecule, because it could be partially inhibited by the MAb RR1/1 directed against ICAM-1. In contrast, RR1/1 did not reduce neutrophil adhesion induced by the conditioned medium, suggesting that this response was ICAM-1 independent.
These results agree with the hypothesis that thrombin-mediated neutrophil adhesion is partly CD18-dependent and, intrinsically, is to a similar degree ICAM-1 dependent because the neutrophil CD18 integrin binds with ICAM-1 ligand on endothelial cells. 19, 33, 34 The basis of the adhesion response mediated by the endothelial conditioned medium is conditioned medium of neutrophil CD18 integrin16 and downregulation of MEL-14, both of which also participate in the neutrophil migration responses.36
In conclusion, the results indicate that thrombin-induced neutrophil adhesion to pulmonary arterial endothelial monolayers is secondary to release of endothelial-derived lipid mediators and to expression of endothelial adhesion sites. The increase in neutrophil adhesion mediated by the endothelial-derived mediators is independent of neutrophil CD18 integrin, whereas the thrombinmediated response is partly CD18 dependent. The release of endothelial-derived mediators may contribute to pulmonary vascular neutrophil uptake after intravascular coagulation,10'39 which may have critical implications in the pathogenesis of neutrophil-mediated lung vascular injury after thrombininduced pulmonary microembolism. .
